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The Expression of Proinflammatory Genes in
Epidermal Keratinocytes Is Regulated by Hydration
Status
Wei Xu1, Shengxian Jia1, Ping Xie1, Aimei Zhong1,2, Robert D. Galiano1, Thomas A. Mustoe1 and
Seok J. Hong1
Mucosal wounds heal more rapidly, exhibit less inflammation, and are associated with minimal scarring when
compared with equivalent cutaneous wounds. We previously demonstrated that cutaneous epithelium exhibits
an exaggerated response to injury compared with mucosal epithelium. We hypothesized that treatment of
injured skin with a semiocclusive dressing preserves the hydration of the skin and results in a wound healing
phenotype that more closely resembles that of mucosa. Here we explored whether changes in hydration status
alter epidermal gene expression patterns in rabbit partial-thickness incisional wounds. Using microarray studies
on injured epidermis, we showed that global gene expression patterns in highly occluded versus non-occluded
wounds are distinct. Many genes including IL-1b, IL-8, TNF-a (tumor necrosis factor-a), and COX-2 (cyclooxy-
genase 2) are upregulated in non-occluded wounds compared with highly occluded wounds. In addition,
decreased levels of hydration resulted in an increased expression of proinflammatory genes in human ex vivo
skin culture (HESC) and stratified keratinocytes. Hierarchical analysis of genes using RNA interference showed
that both TNF-a and IL-1b regulate the expression of IL-8 through independent pathways in response to reduced
hydration. Furthermore, both gene knockdown and pharmacological inhibition studies showed that COX-2
mediates the TNF-a/IL-8 pathway by increasing the production of prostaglandin E2 (PGE2). IL-8 in turn controls the
production of matrix metalloproteinase-9 in keratinocytes. Our data show that hydration status directly affects
the expression of inflammatory signaling in the epidermis. The identification of genes involved in the epithelial
hydration pathway provides an opportunity to develop strategies to reduce scarring and optimize wound healing.
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INTRODUCTION
The skin has a critical role in maintaining water homeostasis.
Dysfunction of the skin barrier not only causes delayed wound
healing and hypertrophic scarring (Saulis et al., 2002; Kloeters
et al., 2007; Mustoe, 2008; O’Shaughnessy et al., 2009;
Gallant-Behm and Mustoe, 2010; Jia et al., 2011) but also
contributes to the development of various skin diseases
(Ghadially et al., 1996; Sator et al., 2003; Leung et al., 2004;
Segre, 2006). The mechanisms of barrier function in skin have
been well studied for more than two decades. The correlation
between dysfunction of the skin barrier and the initiation of
atopic dermatitis was first stated in the 1990s (Elias et al., 1999;
Taieb, 1999). Wood et al. (1996, 1997) found that perturbation
of the skin barrier leads to a marked increase of critical
cytokines related to inflammation including IL-1a, IL-b,
tumor necrosis factor-a (TNF-a), and granulocyte–macro-
phage colony-stimulating factor. These skin barrier injuries
and related diseases and inflammatory processes underscore
the importance of the skin epithelium in regulating the
response of underlying connective tissue to skin damage.
However, the comprehensive analysis of pathways indicating
the behavior of skin in response to barrier disruption during
wound healing is not yet fully characterized.
From superficial to deep, the human skin is composed of the
stratum corneum, stratum granulosum, stratum spinosum, and
stratum basale. The stratum corneum functions as a shield to
protect the skin from oxidants, microbial infection, physical
damage, and chemical erosion (Elias, 2008). In addition, its
high lipid content allows it to act as the skin’s primary barrier
to moisture loss. The importance of the stratum corneum in
maintaining water homeostasis has been widely described in
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the literature (Harding, 2004; Rawlings and Harding, 2004;
Elias, 2005; Feingold, 2007; Verdier-Sevrain and Bonte,
2007). Reduced hydration rates were found in skin with
disrupted stratum corneum compared with skin covered with
intact stratum corneum (Tagami, 2008). Also, the application
of multiple layers of occlusive dressings has been shown to
reduce drastically transepidermal water loss (TEWL) in a rabbit
ear model of incisional grid wounds (Gallant-Behm and
Mustoe, 2010). Disruption of the stratum corneum barrier
function has been found in a variety of skin diseases, such as
psoriasis (Ghadially et al., 1996; Harding, 2004; Elias, 2005),
atopic dermatitis (Taieb, 1999; Elias et al., 2008; Cork et al.,
2009; Elias and Schmuth, 2009), and hereditary ichthyosis
(Okulicz and Schwartz, 2003; Elias, 2005; Schmuth et al.,
2007). The stratum corneum maintains a stable gradient of
water and solutes throughout the layers of the epidermis
(Warner et al., 1995, 1988a, b; Mauro et al., 1998).
Damage to the stratum corneum has been shown to result in
a disturbance of this balance, with a subsequent increase in
TEWL and alteration of gene expression in epidermal
keratinocytes (Barel and Clarys, 1995; Wong et al., 2006). A
clinical study on scar formation found elevated levels of TEWL
in hypertrophic scars and keloids and suggested that an
increased water loss following skin injury is likely to
promote the inflammatory reaction in the dermis (Suetake
et al., 1996). However, the mechanisms underlying the skin’s
response to TEWL and the signaling pathways involved are not
known.
It has long been observed that mucosal wounds heal with
minimal scarring, undergo faster healing, and exhibit less
inflammation than equivalent cutaneous wounds (Szpaderska
et al., 2003; Mak et al., 2009). Compared with skin wounds,
mucosal wounds demonstrate a more highly regulated angio-
genic response (Szpaderska et al., 2005), have a differential
expression of key profibrotic growth factors (Eslami et al.,
2009), and result in less scarring (Wong et al., 2009). Unlike
the stratum corneum cutaneous epithelium, the mucosal
stratum corneum has little function in the maintenance of
hydration because of its difference in structure (Squier and
Brogden, 2011). However, the hydration status of the mucosal
epithelium is maintained by its moist environment. Recent
results from our group have shown that the difference in scar
formation between mucosal and cutaneous wounds is attri-
butable to differences in their ability to maintain hydration
(Gallant-Behm et al., 2011). In addition, microarray analyses
have identified many genes that are differentially expressed
in the epithelium of skin compared with mucosa following
injury (Chen et al., 2010; Gallant-Behm et al., 2011). Thus,
we hypothesize that alteration of gene expression is largely
controlled by the hydration levels of wounds, and that treat-
ment of injured skin with occlusion results in a phenotype
of epithelial response that more closely resembles mucosa.
The aim of this study was to identify the genes that have a
critical role in the signaling response to changes in epidermal
hydration status following injury. In addition, we addressed
whether occlusion can modulate the expression of these
genes. Using the rabbit ear wound model, we performed
DNA microarray analyses on wounded epidermis to analyze
comprehensively the transcriptome that results from changes
in hydration status. Furthermore, we identified specific path-
ways that are involved in reduced hydration during wound
healing. Our results suggest a previously unreported
mechanism of reduced hydration in wound repair and will
provide opportunities to develop strategies for wound care and
scar treatment in clinics.
RESULTS
HOWs showed improved healing compared with NOWs in
rabbit ears
We previously showed that cutaneous epithelium demon-
strates an exaggerated response to injury compared with
mucosal epithelium (Gallant-Behm et al., 2011). We addres-
sed whether different hydration conditions affect the healing
process of cutaneous wounds. Once partial-thickness
incisional wounds of rabbit ears were fully re-epithelialized
(2 days after wounding; Figure 1a), wounds on one ear were
covered with a water barrier consisting of multiple layers
of a semiocclusive polyurethane dressing (highly occluded),
mimicking a mucosal environment, whereas wounds on the
contralateral ear were exposed to air (non-occluded). The
appearance of wounds during healing in the two treatment
conditions, high-occlusion wound (HOW) versus non-occlu-
sion wound (NOW), was distinct. At postepithelialization day
3 (PED3), the incisional grid wounds in NOWs were immature
(Figure 1b, right). Histological analysis by hematoxylin and
eosin staining showed thickened epithelium in NOWs
(Figure 1d). In contrast, HOWs demonstrated significantly
improved repair by appearance (Figure 1b, left) and a thinner
epithelial layer by histology (Figure 1e). Similarly, at PED5,
NOWs had incompletely healed wounds (Figure 1c, right) and
a thickened epithelium (Figure 1f), whereas HOWs showed
complete healing (Figure 1c, left) and a thinner epithelium
(Figure 1g).
Microarray analysis identified significant differences in gene
expression between HOWs and NOWs following injury
Global gene expression was analyzed using RNA extracted
from the epithelium of HOWs and NOWs at PED3 and PED5
to evaluate molecular differences in the context of wound
healing. Cluster analysis based on the gene expression profiles
in all samples showed apparent differences between HOWs
and NOWs (Figure 2a). According to the gene expression
heat map, the primary factor that affected expression patterns
was the treatment of wounds (HOW vs. NOW). Within
each treatment group, gene expression at PED3 and PED5
had apparent different overall gene expression patterns. At
PED3, there were significant changes in gene expression level
in 849 probes between HOWs and NOWs (adjusted Po0.01).
Among these probes, 180 probes showed at least a 2-fold
difference between HOWs and NOWs (138 upregulated, 42
downregulated; Figure 2b). At PED5, the number of differen-
tially expressed gene probes was decreased to 314 (adjusted
Po0.01), and 118 of them were up- or downregulated at least
2-fold in NOWs compared with HOWs. Interestingly, only
1 of the 118 probes detected markedly downregulated genes
in NOWs, whereas all other 117 probes detected significantly
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higher expression of genes in NOWs (Figure 2b). Of all the
probes that detected significant differences in expression
between HOWs and NOWs (adjusted Po0.01) at PED3 or
PED5, we selected the top 60 probes with the highest fold
change differences, and performed a cluster analysis
(Figure 2c). Almost all the probes showed higher expression
in NOW epithelium compared with HOW epithelium
(Figure 2c). The most highly upregulated gene in NOW at
PED3 was IL-1b; IL-1b showed 92.6-fold higher expression in
NOWs at PED3. The difference in IL-1b expression was
increased at PED5 (163.0-fold increase for HOWs). None of
the selected genes were upregulated in HOW samples at
either PED3 or PED5. Moreover, most genes showed increa-
sed expression from PED3 to PED5 (Supplementary Table S1
online). Functional annotation of the selected probes (adjusted
Po0.01) was performed with Database for Annotation,
Visualization and Integrated Discovery (DAVID) version 6.7
(Huang da et al., 2009a, b). On the basis of the functions of
the selected genes, they were classified into several clusters.
One of the clusters containing upregulated genes in NOWs at
Right Left
Right
Left
Figure 1. Healing of incisional grid wounds in rabbit ears. (a) Two incisional grid wounds were created in each ear. Five layers of Tegaderm were applied
to the wounds of one ear to create highly occluded wounds (HOW). In the contralateral ear, the wounds were not covered with Tegaderm to create
non-occluded wounds (NOW). (b and c) Photography of the rabbit ear incisional wounds. Representative pictures of HOW (left) and NOW (right) of rabbit
ears at (b) postepithelialization day 3 (PED3) and (c) PED5 are shown. (d–g) Histological analyses of wounds. Wound sections were analyzed by hematoxylin
and eosin (H&E) staining. NOW at (d) PED3 and (f) PED5, (e) HOW at PED3 and (g) PED5. Six rabbits were used for each treatment at each time point.
Bars¼ 100mm.
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both PED3 and PED5 was closely related with defense
response (GO: 0006952), response to wound repair (GO:
0009611), and inflammatory response (GO: 0006954)
(Figure 2d). Other major functional clusters of selected genes
included programmed cell death, angiogenesis, extracellular
matrix, and ion transportation (Supplementary Figure S1
online).
Similar global gene expression patterns were found between
HOWs and mucosal wounds
Mucosal epithelium exists in a fully hydrated environment and
does not exhibit TEWL. We previously demonstrated that full
occlusion utilizing multiple layers of a semiocclusive poly-
urethane film limits TEWL (Saulis et al., 2002; Kloeters et al.,
2007, 2008; Mustoe, 2008; Tandara and Mustoe, 2008;
1
1
Collagen III1
IL-R1A
Apoliporotein B mRNA editing enzyme 1
Synaptotagmin XVII (VII)
IL1
Insulin-like growth factor–binding protein
4
CCL4
IL-8
S100A8
Cytochrome b-245,  polypeptide
TLR4
S100A9
Lymphocyte antigen 96
TNF-
Coagulation factor III
GO:0006952 Defense response
GO:0009611 Response to w
ound repair
GO:0006954 Inflammatory response
S100A12
IL-1
1:1
1:1
PED3 PED5 PED3
NOWHOW
PED5
PE
D
3
PE
D
3 HO
W
N
OW
PE
D
5
PE
D
5
–1
–1
Adj. P * < 0.01
PED3
PED5 314 118
IL-1
IL-1
S100A12
S100A12
MMP1
MMP1
MMP1
MMP1
MMP3
MMP3
MMP9
MMP9
CCL4
CCL4
IL-8
COX-2
COX-2
Endosulfine 
Collagen IX3
S100A9
S100A8
S100A8
S100A9
Forkhead box G1B
Sepiapterin reductase
Dipeptidase 1
Procollagen IV1
Secreated Frizzled-related protein 2
Secreated Frizzled-related protein 2
Annexin A1
Annexin A1
Creatine kinase brain
Ornithine decarboxylase 1
Ornithine decarboxylase 1
Fascin homolog 1
Fascin homolog 1
CD14 antigen
CD14 antigen
IL1 receptor antagonist
Immunoglobulin heavy chain
Annexin A1
Integrin 3
Phosphoglycerate mutase 1
Serum amyloid A1
Coagulation factor II
Coagulation factor II
Guanylate cyclase activator 2b
Solute carrier family 7 member 5
Arginase liver
Arginase liver
FormyI peptide receptor-like 1
FormyI peptide receptor-like 1
Proteoglycan 1 secretory granule
Proteoglycan 1 secretory granule
MARCKS-like 1
MARCKS-like 1
Spermidine N1-acetyitransferase
TNF-
TNF-
IL-8
117 1
42138180849
Adj. P * < 0.01 and FC† >2 Upregulation† Downregulation‡
Figure 2. Hydration status of wounds affects global gene expression profile during wound repair. (a) Hierarchical cluster analysis. Gene expression
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O’Shaughnessy et al., 2009; Gallant-Behm and Mustoe,
2010). Thus, we hypothesized that both HOWs and mucosal
wounds heal faster than NOWs because they have
higher levels of hydration. We performed gene expression
cluster analysis by combining microarray data from
Figure 2 (HOW vs. NOW) and our previous report (mucosal
wounds vs. skin wounds) (Gallant-Behm et al., 2011). In our
previous study, we compared the gene expression profiles of
rabbit skin keratinocytes and rabbit vaginal keratinocytes in
response to incisional wounding. NOWs in the present study
were treated using the same protocol used for skin
keratinocyte wounds in our previous study and healed
similarly. They are, however, independent experiments. The
occlusion of HOWs in the present study is hypothesized
to closely resemble VK wounds from our previous study.
A cluster analysis of the four groups (HOW, NOW, SK, and
VK) showed that gene expression patterns in NOWs and
SKs were very similar (Figure 3a). The expression patterns
of selected genes in NOWS more closely mimicked that
of SKs than HOWs or VKs, which suggests that our model
is reproducible and consistent. Interestingly, similar gene
expression patterns were found in HOWs and VKs
(Figure 3a). When we analyzed data from PED3 (Figure 3b)
or PED5 (Figure 3c) individually, we found similar results to
the combined data cluster analysis. These analyses showed
that HOWs and mucosal wounds have similar hydration
environments, which is distinct from non-occlusion cutaneous
wounds.
Decreased hydration level resulted in the upregulation of
proinflammatory gene expression in HESC
We validated our microarray analysis data using an HESC
model (Xu et al., 2012). Skin was cultured in either low
humidity (lower hydration) or high humidity (control) for 4 or
16 hours after the stratum corneum was removed by tape
stripping. The mRNA level of TNF-a was increased by
3.9±1.9-fold when HESCs were cultured in low humidity
compared with control conditions at 4 hours (Figure 4a). No
significant changes were noted for IL-1b, IL-8, or COX-2
mRNA expression at 4 hours (Figure 4a). However, drastic
upregulation of the four genes was found in response to
reduced hydration treatment in HESC at 16 hours. The mRNA
level of COX-2 had the largest increase (63.1±19.3-fold
increase), followed by IL-1b and IL-8 with 8.4±2.2- and
7.0±2.1-fold augmentation, respectively, in response to
reduced hydration. Expression of TNF-a was decreased at
16 hours compared with that at 4 hours in the reduced
hydration condition, but was still 3.0±1.7-fold higher than
in controls (Figure 4a). In line with mRNA expression, higher
expression of IL-1b and IL-8 protein was found in response to
reduced hydration in HESC compared with controls at
16 hours (Figure 4b).
Knockdown of IL-8 affects proliferation and differentiation of
keratinocytes
Because IL-8 expression is highly upregulated with reduced
hydration both in vivo (Figure 2b) and in vitro (Figure 4a and
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Figure 3. Mucosal wounds and HOW (and skin wounds and NOW) showed similar gene expression profiles. Previous microarray data (NCBI GEO,
GSE25261) from regular skin wounds and vaginal wounds of rabbit at PED3 and PED5 were compared with HOW and NOW at PED3 and PED5.
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Figure 4. Validation of microarray data and knockdown of IL-8 in keratinocytes. (a) mRNA expression analysis of IL-1b, IL-8, tumor necrosis factor-a (TNF-a),
and cyclooxygenase-2 (COX-2). Human ex vivo skin cultures (HESCs) were cultured with reduced hydration conditions for 4 or 16 hours (n¼ 4). The level
of gene expression in HESCs treated with reduced hydration was compared with that in control cells, which was set at 1. *Po0.05; **Po0.01. (b) Western blot
analysis of IL-1b and IL-8. HESCs from four patients (I, II, III, and V) were treated with reduced hydration conditions for 16 hours. b-Actin was detected as a
loading control. C1–C4: Control HESC samples with normal culture condition. A1–A4: HESCs with reduced hydration treatment (n¼ 4). (c and d) Hematoxylin and
eosin (H&E) staining of (c) wild-type and (d) IL-8-knockdown HaCaT cells. (e and f) Immunostaining. Expression of cytokeratin 5 (green) and 10 (red) in the
(e) wild-type and (f) IL-8-knockdown HaCaT cells was detected with immunofluorescent staining. Nuclei were stained with 40,6-diamidino-2-phenylindole
(DAPI). (g–k) Analysis of HaCaT migration by in vitro scratch assay. Migration of wild-type (g, time 0 hours; h, 16 hours) and IL-8-knockdown HaCaT
cells (i, time 0 hours; j, 16 hours) was quantified and estimated by (k) t-test. (l and m) Proliferation of HaCaT. Anti-Ki-67 antibody was used to determine
proliferation of cells in the (l) wild-type and (m) IL-8 knockdown HaCaT cells. Merged images of Ki-67 staining and nuclei were shown (n¼ 4). (c–j) Bar¼ 100mm.
(l–m) Bar¼ 200mm.
W Xu et al.
Epidermal Gene Expression Patterns
www.jidonline.org 1049
b), we evaluated whether knockdown of IL-8 would affect the
physiology of keratinocytes. First, we investigated keratinocyte
differentiation. Compared with wild-type HaCaT cells (a
keratinocyte cell line) IL-8-knockdown HaCaT cells showed
fewer layers of stratification (Figure 4c and d). The keratino-
cyte differentiation marker cytokeratin 10 (K10) was not dete-
ctable in stratified IL-8-knockdown HaCaT cells (Figure 4f),
whereas the stratified, wild-type HaCaT cells expressed K5 and
K10 in the basal and suprabasal layers, respectively (Figure 4e).
An in vitro scratch assay showed no obvious difference in cell
migration between wild-type and IL-8-knockdown keratino-
cytes (Figure 4g vs. i, h vs. j), and this was also supported
by statistical analysis (Figure 4k). Interestingly, we observed
an increased cell size in the IL-8-knockdown HaCaT cells
(Figure 4i and j) compared with the wild-type cells
(Figure 4g and h). Staining for Ki-67, a proliferation marker,
showed that the number of proliferating keratinocytes was
reduced in IL-8-knockdown cells compared with wild-type
cells (Figure 4l and m).
TNF-a and IL-1b regulate the expression of IL-8 through
independent pathways in response to decreased hydration
Using a stratified keratinocyte culture model, we evaluated the
molecular pathways of proinflammatory genes regulated
by decreased hydration. First, we tested whether this model
consistently mimics the epithelium of human skin. Similar
to the results from the HESC model (Figure 4a), mRNA
levels of the IL-1b, TNF-a, COX-2, and IL-8 were significantly
higher in stratified HaCaT cells cultured for 16 hours in
decreased hydration conditions (low humidity) compared with
controls (Figure 5a). Secretion of IL-8 into the growth medium
was higher in keratinocytes exposed to decreased hydration
for 16 hours (27.9±2.9 pg ml 1) compared with controls
(22.6±1.8 pg ml1) (Figure 5b). Next, we determined the
hierarchy of pathways by knocking down a series of genes
using RNA interference. Stratified HaCaT cells with specific
gene knockdowns and controls were cultured in normal
and decreased hydration conditions for 16 hours. The expres-
sion of other genes in knockdown HaCaTs was compared
with those in wild-type HaCaTs by real-time quantitative
reverse transcriptase. Knockdown of COX-2 decreased the
expression level of IL-8 by 43% (Figure 5c). Knockdown
of IL-1b decreased IL-8 expression by 67%, but did not affect
COX-2 expression (Figure 5d). Knockdown of TNF-a
decreased both COX-2 and IL-8 expression by 79% and
63%, respectively (Figure 5e). This suggested that the IL-1b
and TNF-a regulate the production of IL-8 through different
pathways. In contrast, knockdown of IL-8 did not show
significant effects on the expression levels of IL-1b, TNF-a,
and COX-2 (Supplementary Figure S2a online). As COX-2
regulates downstream molecules through its product prosta-
glandin E2 (PGE2), we blocked the PGE2 receptors, EP2 and
EP4, in keratinocytes to see whether COX-2/PGE2 is upstream
of IL-8. Blockade of PGE2 receptors with AH6809 (EP2
receptor antagonist) and CAY10580 (EP4 receptor anta-
gonists) abolished the increased expression of IL-8 mRNA
and protein seen in stratified HaCaTs with decreased hydra-
tion (Figure 5f and g).
The microarray results also suggested that several matrix
metalloproteinases (MMPs), including MMP-1, -3, and -9,
were also considerably upregulated in NOWs (Figure 2c and
Supplementary Table S1 online). We tested whether these
MMPs were also involved in the IL-8 pathway seen in
response to decreased hydration. mRNA production of the
three MMPs were measured by real-time quantitative reverse
transcriptase in stratified HaCaT cells with knockdown of IL-
1b, TNF-a, COX-2, or IL-8. Although expressions of MMP-1
and -3 were not significantly affected, that of MMP-9 was
markedly decreased by the knockdown of IL-1b, TNF-a, COX-
2, or IL-8 (Figure 5h).
DISCUSSION
We previously showed that five layers of semiocclusive
dressing (3M Tegaderm, St Paul, MN) results in high occlusion
level, although it is not completely occlusive, and this value
was equivalent to silicone gel, which is used as the standard of
care in reducing scarring in a clinical setting (Gallant-Behm
and Mustoe, 2010). Thus, we used five layers of Tegaderm to
create high occlusion environment in this study. One of the
critical functions of the stratum corneum is to maintain an
appropriate level of skin permeability and to keep the
hydration of the skin. Occlusive dressings can prevent
further decrease of the hydration level (O’Shaughnessy et al.,
2009; Gallant-Behm and Mustoe, 2010), but they cannot
replicate all of the functions of the stratum corneum, which
has biological, as well as physical barrier functions (Elias,
2005). Also, occlusion of wounds does not help restore the
normal structure of the stratum corneum (Figure 1d–g). Thus,
the behavior of HOWs and NOWs is primarily dependent on
differences in hydration status, which we investigated in this
study. Although increasing hydration did not improve the
structure of the stratum corneum, we found that gene expres-
sion related to the function of the stratum corneum was
decreased in HOWs. These functions include fatty acid/lipid
synthesis (Supplementary Figure S1c online) (Harris et al.,
1997), apoptosis (Supplementary Figure S1a online) (Raj et al.,
2006), and calcium binding (Supplementary Figure S1g
online) (Elias et al., 2002). This suggests that hydration may
also affect the functional restoration of the stratum corneum,
which in turn can influence cutaneous wound healing.
Although previous studies from our lab using rabbit ear
wounds have shown a close, direct correlation between
TEWL (loss of water from the internal environment through
the epidermis) and hydration status (moisture in the external
environment) (Gallant-Behm and Mustoe, 2010), they are
distinct terms in the dermatological literature (Fluhr et al.,
2003; Elias, 2008). For the purposes of this study, we have
focused on the effects of hydration status on epidermal gene
expression and signaling in response to injury.
Differences between cutaneous and mucosal wound heal-
ing have been reported previously. Many more proinflamma-
tory cytokines are upregulated in rabbit cutaneous skin
wounds than in rabbit vaginal mucosal wounds (Gallant-
Behm et al., 2011). Similar results were seen in mice when
comparing skin wounds to oral mucosa wounds (Chen et al.,
2010). The major difference between mucosal and skin
W Xu et al.
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epidermis is in the stratum corneum. In skin, hydration is
maintained, and transepidermal water loss is limited when
the stratum corneum is intact and fully competent, but
injury results in a decrease in hydration. In contrast, the
mucosa is in a liquid environment, and so injury does not
change the hydration status. Thus, in our experiments,
we created two different levels of hydration (HOW vs.
NOW) to mimic the environments of mucosa and skin.
The global gene expression patterns were remarkably
different in the epithelium of HOWs compared with NOWs.
Most of the genes that were up- or downregulated
during wound repair in NOWs showed minimal expres-
sion changes in HOWs. This is consistent with the gene
expression patterns in skin versus mucosal wounds.
By combining data from the two assays, we found that the
gene expression profiles in HOWs are similar to that of
mucosal wounds (Figure 3). This suggests that water homeo-
stasis may be a key factor in determining the outcome of
wound repair.
Several different signaling pathways have been indicated
in the restoration of the stratum corneum, such as the
protease-activated receptor-2 pathway (Hachem et al.,
2006), the nuclear hormone receptor pathway (Schmuth
et al., 2004), calcium gradient signaling (Elias et al., 2002),
mast cell degranulation (Lin et al., 2011), and proteolytic
mechanisms (Suzuki et al., 1994; Brattsand et al., 2005;
Rawlings and Voegeli, 2013). This suggests that the
establishment of a functional stratum corneum requires
multiple external and internal factors, and all are of great
importance in cutaneous wound repair. The signaling pathway
of decreased hydration during wound healing has not been
elucidated, despite the fact that minimizing TEWL is the
primary function of the stratum corneum. Preventing
decreased hydration level during wound closure is a simple
but effective way to improve wound healing (Eriksson et al.,
1996; Svensjo et al., 2000; O’Shaughnessy et al., 2009). It has
been shown that the inflammatory response is considerably
increased under conditions of water loss (De Fine Olivarius
et al., 1993; Haratake et al., 1997; de Jongh et al., 2006), and
this is reflected by the increased expression of a variety of
cytokines (Wood et al., 1997; Kloeters et al., 2008;
Buraczewska et al., 2009; Elias, 2010). In line with these
reports, the genes that were upregulated in NOWs in our
microarray data included a number of cytokines, such as IL-1,
IL-8, TNF-a, and CCL4 (Supplementary Table S1 online). It has
been shown that these cytokines have essential roles in wound
repair and are associated with epithelium-related skin dis-
eases. For instance, IL-1 is a key molecule responsible for
proinflammatory effects in the dermis, and blockade of IL-1
receptor has been shown to reduce scar formation (Sauder
et al., 1990; Hwang et al., 2001; Thomay et al., 2009; Gallant-
Behm et al., 2011). TNF-a induces the production of MMP-2
in dermal fibroblasts, which in turn affects the remodeling of
matrix in wounds (Han et al., 2001). Expression of these
cytokines is closely regulated by the hydration level changes
seen with injury. In our study, IL-8 was found to be regulated
by TNF-a through COX-2. PGE2, a product of COX-2,
activates IL-8 expression through an autocrine or paracrine
mechanism by binding the PGE2 receptors on keratinocytes
(Figure 5i). Blockade of the PGE2 receptors EP2 or EP4 in
keratinocytes attenuates the activation of IL-8, with EP2
blockade showing more efficient attenuation of IL-8 activation
than EP4 blockade. Knockdown of IL-1b in keratinocytes also
downregulated the expression of IL-8. However, this effect
goes through a different pathway as knockdown of IL-1b does
not affect the expression of COX-2. Although IL-1b regulates
COX-2 expression in human colorectal cancer cells (Liu et al.,
2003), there have been no reports of a relationship between
IL-1b and COX-2 in normal human keratinocytes, as far as we
know.
In this report, we identified IL-8 as an interesting potential
therapeutic target for the modulation of fibrosis. As an
important cytokine that was first identified as a chemotactic
molecule secreted by activated monocytes and macro-
phages, IL-8 promotes the migration of neutrophils, basophils,
and T lymphocytes (Baggiolini et al., 1989; Rossi and Zlotnik,
2000). In vivo studies on IL-8 have been limited because mice
do not express IL-8 (Singh et al., 2008). IL-8 has been
suggested as an important proinflammatory factor because
its expression is upregulated in inflammatory skin diseases
including psoriasis (Krueger, 2002) and atopic dermatitis
(Kimata and Lindley, 1994). Although IL-8 is involved in cell
migration, proliferation, and angiogenesis (Belperio et al.,
2000; Gillitzer and Goebeler, 2001), the detailed molecular
mechanism of IL-8 in wound healing has not been well
characterized. Our microarray study indicates that
expression of IL-8 is associated with hydration level upon
the disruption of the skin barrier, and has a role in resto-
ration of epidermal homeostasis, but likely results in
secondary inflammatory changes in the dermis. Our
results suggested MMP-9, which is dysregulated in chronic
wounds, as a downstream molecule of IL-8 (Mirastschijski
et al., 2002; Muller et al., 2008; Liu et al., 2009; Reiss et al.,
2010).
Understanding the mechanism of occlusion in the reduc-
tion of hypertrophic scarring and elucidating the down-
stream mediators of decreased hydration signaling are critical
for the development strategies for clinical wound care
and scar treatment. Our study not only highlighted the
TNFa/COX-2/IL-8 and IL-1b/IL-8 pathways in response to
decreased hydration upon wounding but also provided
an opportunity for further investigation of the mechanisms
behind cutaneous wound healing and scar formation. It is
worth noting that the genes upregulated in NOWs are
functionally annotated to cluster that are involved in hyper-
trophic scar formation such as extracellular protein, apop-
tosis, and angiogenesis (Supplementary Figure S1 online).
The functional clusters that were related to ion transpor-
tation proteins and protein phosphorylation might be
interesting candidates in signal transduction initiated by
reduced hydration. In summary, our results in this and
previous reports (Gallant-Behm and Mustoe, 2010; Gallant-
Behm et al., 2011) support the hypothesis that inflammatory
cytokines induced by the epidermis in response to barrier
function disruption may regulate dermal inflammation and
scar formation.
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MATERIALS AND METHODS
Animals and procedures
All animal studies were performed under the guidance of North-
western University’s institutional guidelines and the National
Research Council’s criteria for humane care in the ‘‘Guide for the
Care and Use of Laboratory Animals.’’ The protocols in this study
were approved by the NU Institutional Animal Care and Use
Committee (IACUC). Animal procedures are described in
Supplementary Materials and Methods.
Rabbit Agilent microarray and data analyses
One half of the each harvested wound was incubated with 0.5 M
ammonium thiocyanate at room temperature for 30 minutes. The
epidermis of the wounding area was separated from the dermis and
rinsed with phosphate-buffered saline solution. Thereafter, the epi-
dermis was immediately put into Tri Reagent for RNA isolation
(Sigma-Aldrich, St Louis, MO) following the manufacturer’s instruc-
tions. The cDNA synthesis, labeling, hybridization, and slides scan-
ning were all performed at the Interdisciplinary Center for
Biotechnology Research at the University of Florida (Gainesville,
FL). The procedure and data analysis of microarray are described in
Supplementary Materials and Methods online. The raw and analyzed
microarray data were all submitted to Gene Expression Omnibus
(GEO) with serial number GSE42653. The overall gene expression
patterns were analyzed with hierarchical cluster analysis using the
genes that had significantly different expression (with adjusted P-
value o0.05) between HOWs and NOWs at at least one time point.
The cluster analysis and heatmap were completed by Genesis (Sturn
et al., 2002). Same analyses were also performed with our data
combined with the microarray data (GSE25261) from our previous
study (Gallant-Behm et al., 2011).
HESC and SKC
The HESC model was previously developed in our lab (Xu et al.,
2012) and was used to validate the results obtained from microarray.
All human tissues were obtained according to the guidelines and a
protocol approved by the Institutional Review Board (IRB) of the
Northwestern University. The hydration condition of HESCs was
created by controlling the humidity of the culture environment.
HESCs were cultured in either a dry air flow or humid chamber to
create a reduced hydration or control condition, respectively.
Epidermis was separated from dermis following treatment with
0.5 M ammonium thiocyanate on skin as described above and used
for gene analysis. The stratified human keratinocyte culture model
(SKC) model was used to mimic the human epidermis, which has
multiple stratified layers of keratinocytes. The protocol for SKC
preparation is described in Supplementary Materials and Methods
online. Culture medium was applied on the top of SKC to maintain
the hydration of the cell culture, whereas the surface of SKC was
exposed to air flow to decrease the hydration level.
Gene knockdown
The sequences of short hairpin RNAs were designed using the
information in the RNA interference consortium database (Moffat
et al., 2006) and listed in Supplementary Table S2 online. The
double-strand short hairpin RNA oligos were cloned to pLKO.1 puro
vector (Addgene, Cambridge, MA) and lentiviruses were made
following the protocol provided by Addgene. The efficiencies of gene
knockdowns in HaCaT cells were tested by western blotting analysis
(Supplementary Figure S2b online).
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